Myosin V is an unconventional myosin proposed to be processive on actin filaments, analogous to kinesin on a microtubule [Mehta, A. D., et al. (1999) Nature (London) 400, 590 -593]. To ascertain the unique properties of myosin V that permit processivity, we undertook a detailed kinetic analysis of the myosin V motor. We expressed a truncated, single-headed myosin V construct that bound a single light chain to study its innate kinetics, free from constraints imposed by other regions of the molecule. The data demonstrate that unlike any previously characterized myosin a single-headed myosin V spends most of its kinetic cycle (>70%) strongly bound to actin in the presence of ATP. This kinetic tuning is accomplished by increasing several of the rates preceding strong binding to actin and concomitantly prolonging the duration of the strongly bound state by slowing the rate of ADP release. The net result is a myosin unlike any previously characterized, in that ADP release is the rate-limiting step for the actin-activated ATPase cycle. Thus, because of a number of kinetic adaptations, myosin V is tuned for processive movement on actin and will be capable of transporting cargo at lower motor densities than any other characterized myosin.
M
yosin V was identified in chicken brain cytoplasmic extracts as a calmodulin binding protein with actin-activated MgATPase activity and the ability to translocate actin filaments (1) (2) (3) . By electron microscopy of rotary shadowed images, native chicken brain myosin V has two heads and two heavy chains that associate through a long coiled-coil domain in its tail region. Unlike myosin II, myosin V does not form filaments and is believed to act as a single molecule (4) .
The unusual structure, cellular functions (5, 6) , and steady-state biochemical properties (7) , as well as single molecule mechanics (4) of myosin V support it being a processive motor. That is, for each diffusional encounter, a single (two-headed) myosin V molecule may be capable of going through multiple ATPase cycles and traveling long distances, equivalent to many individual steps of the motor, along its actin track before dissociating.
The myosin molecule, whether in the sarcomere of a muscle (myosin II) or moving vesicles on actin tracks (myosin V), goes through a characteristic cyclic interaction with actin (Scheme 1; predominant pathway is shown in bold). The key steps include the rapid binding of ATP to actin-bound myosin, the hydrolysis of ATP, the sequential release of phosphate (P i ) and ADP, and the rebinding of ATP. During the cycle, the myosin populates either the weak-binding states or strong-binding states (Scheme 1). Weakbinding myosin states dynamically detach and rebind to actin with a low affinity (K d Ͼ 1 M), whereas the strong-binding myosin states remain bound to actin with a high affinity (K d Ͻ Ͻ 1 M). Mechanical force generation, work, and directed movement on actin are possible only during periods when the myosin is strongly bound to actin. The fraction of the ATPase cycle that the myosin spends in these strong-binding states is called the duty ratio. For myosins that work together in asynchronous ensembles (as in the sarcomeres of muscle), high-speed movements are possible only if each myosin head spends a small fraction of the catalytic cycle strongly bound to actin (i.e., a low duty ratio). However, for a single, two-headed myosin molecule to achieve processivity, each of the two myosin heads must have a high duty ratio, because a twoheaded myosin traversing an actin filament cannot dissociate both heads simultaneously or it will diffuse away before contacting the next attachment site on the filament. On average, each head must be strongly bound to actin 50% of the time, thus requiring a duty ratio of greater than 0. 5 .
There has been no direct observation of processive movement by myosin V as there has been for the microtubular motor, kinesin (8) , although recent single molecule mechanical experiments provide compelling support for a processive motor (4) . Assuming that it is processive, there is not enough known about the kinetic mechanism of myosin V to understand how this has been achieved. Therefore, we engineered a truncated myosin V (which we refer to as myosin V-1IQ) consisting of only the motor domain and an essential light chain to characterize the fundamental kinetic properties of the myosin V motor.
Materials and Methods
Reagents and Actin Purification. Actin was purified from rabbit skeletal muscle, pyrene-labeled (9), and gel-filtered (10). Ca-actin was converted to Mg-actin with 0.2 mM EGTA and 50 M MgCl 2 before polymerizing by dialysis into KMg50 buffer (50 mM KCl͞1 mM MgCl 2 ͞1 mM EGTA͞1 mM DTT͞10 mM imidazole, pH 7.0). Phalloidin does not significantly affect the steady-state ATPase activity of myosin V-1IQ (not shown) and was used throughout the study to stabilize actin filaments.
Construction, Expression, and Purification of Myosin V-1IQ. The cDNA for chicken myosin V was truncated at the Arg 792 codon, generating a construct consisting of the motor domain and the first IQ motif (referred to as myosin V-1IQ throughout text). A FLAG peptide (DYKDDDDK) sequence (11) was inserted at the N terminus of the myosin and subcloned into the baculovirus transfer vector, pVL1392 (Invitrogen). Positioning the FLAG sequence at the C terminus gave similar actin binding or steady-state ATPase kinetics as the N-terminally tagged construct (not shown). The human essential light chain (LC-1sa) was subcloned into pVL1393 for baculovirus expression and coexpressed with myosin V-1IQ. Myosin V-1IQ was purified as described (12) . Purity was Ͼ99% with a stoichiometry of 1.0 light chain per heavy chain. [In a parallel study, we have determined that calmodulin or either of two essential light chains expressed in the brain, LC-1sa or LC 17b , bind to the first IQ motif in myosin V. Preliminary measurements could not detect differences in the solution kinetics (steady-state actomyosin ATPase activities and ADP dissociation rates) as a function of the light chain. Thus this study was performed with the light chain (LC-1sa) that competition studies indicated to have the tightest binding to the heavy chain.] 2 mM EDTA, 2 mM K ϩ -ATP, 15 mM Tris, pH 7.5 at 25°C (13) .
Titrations, Kinetics, and Modeling. Equilibrium binding of actin filaments with myosin V-1IQ and myosin V-1IQ-ADP in KMg50 buffer was monitored by fluorescence quenching of pyrene-actin with a Photon Technology International (Princeton, NJ) Alphascan fluorimeter (15) . Nucleotide-free conditions were achieved by incubating myosin V-1IQ with 0.01 units/ml apyrase at 25°C for 30 min.
Transient kinetic measurements were performed in KMg50 buffer at 25°C with an Applied Photophysics (Surrey, U.K.) SX.18MV stopped-flow having a 1.2-ms dead time. Quench flow measurements were made in KMg50 buffer with a Kintek (State College, PA) RQF-3 as described (15) . Nonlinear least-squares fitting of the data was done with software provided with the instrument or with KALEIDAGRAPH (Synergy Software, Reading, PA). Errors reported are standard errors in the fits.
Transient P i release was measured by using the coupled assay system containing the fluorescently labeled mutant of the P ibinding protein as described (16) . Background P i was removed by incubating the stopped flow and all solutions with 7-methylguanosine (0.1 mM) and purine nucleoside phosphorylase (0.02 units͞ml).
Kinetic modeling and simulations (17) were performed by using a simplified reaction mechanism (Scheme 1). Simulations of double mix transients were performed in two steps: (a) The concentrations of the reactants (Scheme 1) were determined for the 17-ms interval of the first mix by using the experimentally determined rate constants (Table 1 ). (b) The second mix was simulated by using the concentrations determined at 17 ms from the first simulation, plus the concentration of the new reactant. The simulated transients were constructed by assuming the strong-binding states (Scheme 1) correspond to the quenched pyrene-actin states. at 25°C. Inclusion of 1 M actin filaments reduces the rate 10-fold. Skeletal myosin is less sensitive to inhibition (18) . (Table 1) . From the dependence of binding on fractional labeling of actin, we estimate that pyrene weakens the actin affinity for myosin V-1IQ Ϸ2 fold (not shown) as reported for skeletal myosin (19) . , and the rate for myosin V-1IQ-ADP binding to actin is
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Steady
. The actin association rate of myosin V-1IQ-ADP, but not myosin V-1IQ, is temperature dependent (5°Ϸ2-fold), suggesting that it is not diffusion limited.
Myosin V-1IQ dissociation from actin was measured by competition with a 40-fold excess of unlabeled actin. Time courses fit single exponentials with k ϩ10 ϭ 0.032 (Ϯ 0.001) s ATP-Induced Population of the Weakly Bound States. Pyrene fluorescence was used to monitor the ATP-induced population of the weak binding states of myosin (21) . Concentrations lower than the K ATPase (Table 1) were used to ensure ATP-induced dissociation of myosin V-1IQ from actin. MgATP increases the fluorescence of 0.5 M pyrene-actomyosin V-1IQ to a level that is 80-100% that of pyrene-actin alone. The time courses follow single exponentials (Fig. 2 Inset) with rates that depend hyperbolically on the MgATP concentration (Fig. 2) . The mechanism of ATP-induced fluorescence enhancement was modeled as:
where AM(ATP) is the quenched collision complex in rapid equilibrium (K 1 Ј) with free nucleotide that isomerizes Table 1) . The rates are comparable to brush-border (17) and Acanthamoeba (15) myosin-I but slower than skeletal and smooth S1 (20) . 
[3]
The association rate constant for MgATP binding to myosin V-1IQ (K 1 k 2 ) determined from the initial slope is 1.
. The fluorescent nucleotide mantATP binds to myosin V-1IQ in the absence of actin by a similar mechanism and yields the same association rate constant (
). The maximum rate of the fluorescence change determined by fitting the data to an hyperbola is k 2 ϭ 750 (Ϯ 45) s
Ϫ1
. For skeletal, smooth and Dictyostelium (20) myosin II, the maximum rate of of skeletal S1 reports the conformational change that precedes ATP hydrolysis. Because myosin V-1IQ contains this conserved tryptophan (Trp 484 ), we suggest that the maximum rate corresponds to the rate of ATP hydrolysis in the absence of actin (k ϩ3 ϩ k Ϫ3 ).
ATP Hydrolysis. The rates of ATP hydrolysis in the presence (k ϩ3 Ј ϩ k Ϫ3 Ј) and absence of actin (k ϩ3 ϩ k Ϫ3 ) were measured directly by quench-flow (Fig. 4) . There is a rapid initial burst of ATP hydrolysis, followed by a slower linear phase that has an actin-dependent rate. In the absence of actin, the rate of the P i burst (k ϩ3 ϩ k Ϫ3 ) fits a single exponential with a rate of 120 s
at 100 M MgATP. The amplitude of the burst (B) is one P i ͞myosin, suggesting that the prehydrolysis intermediates are not significantly populated during the steady-state. In the presence of 7.5 M actin, the rate of the P i burst (k ϩ3 Ј ϩ k Ϫ3 Ј) fits a single exponential with a rate of 120 s
, and B ϭ 0.84 P i ͞myosin. If we assume that B ϭ K 3 ͞(1 ϩ K 3 ), then K 3 equals 5.3 ( Table 1 ). The linear portion of this curve confirms the steady-state ATPase value of 12 s Ϫ1 ⅐head
( Table 1) . Because the rate of the P i burst was the same in the absence and presence of actin may indicate that the myosin V-1IQ rapidly detached from actin after ATP association. This interpretation is supported by experiments below.
At the ATP concentration used in these experiments (100 M), hydrolysis (k ϩ3 ϩ k Ϫ3 ) is limited by the rate of nucleotide binding (K 1 k 2 and K 1 Јk 2 Ј). However, even at this nucleotide concentration, ATP hydrolysis in the presence and absence of actin is significantly faster than actin-activated myosin V-1IQ turnover rate of 12 s Ϫ1 (Table 1) . (Fig. 5 Inset) . The rate of ADP dissociation from actomyosin V-1IQ (k ϩ5 ) is the same as the actin-activated steadystate ATPase rate ( Table 1 ), suggesting that ADP release is rate-limiting.
From the ratio of rate constants we calculate ADP affinities of K 5 ϭ 0.27 (Ϯ 0.01) M for myosin V-1IQ and K 5 Ј ϭ 0.93 (Ϯ 0.03) M for actomyosin V-1IQ (Table 1) . Equilibrium titrations give a comparable dissociation constant of K 5Ј ϭ 0.7 (Ϯ 0.1) M for actomyosin V-1IQ (Table 1) . Therefore, actin reduces the affinity of myosin V-1IQ for ADP only Ϸ3-fold even though it increases the dissociation rate by an order of magnitude. The affinity is maintained by favoring ADP association when bound to actin. The affinities are well below the range of physiological ADP concentrations (23).
ADP Dissociation from Actomyosin V-1IQ. The rate of ADP dissociation from pyrene-actomyosin V-1IQ was measured by monitoring the rate of enhancement of pyrene fluorescence upon ATP binding according to the following mechanism (24):
In the presence of excess ATP the population of the A * M.ATP state is limited by ADP release. Actomyosin V-1IQ (0.5 M) was equilibrated with a range of MgADP concentrations and mixed with 0.3-1.4 mM MgATP (Fig. 6) . By pyrene fluorescence, myosin V-1IQ-ADP is bound strongly to actin before mixing. The time course of the fluorescence increase after mixing with MgATP is best fit to two exponentials at substoichiometric ADP concentrations and to a single exponential at
This behavior is the result of the slow release of ADP from actomyosin V-1IQ (Fig. 5 Inset) . As a result, the reaction cannot be modeled as ADP binding to actomyosin V-1IQ (K 5 Ј) in rapid equilibrium as is the case for other characterized myosins (15) . We performed kinetic simulations of Scheme 4 by using our experimentally determined rate constants K 1 Ј, k 2 Ј, k ϩ5 Ј, and k Ϫ5 Ј (Table 1) , and the experimental ADP and ATP concentrations.
Simulations reported the transient population of the A * M.ATP state. The rates of the simulated transients at each condition were plotted (Fig. 6 Inset, solid line) and show excellent agreement with the experimental data. Therefore, (a) mantADP and pyrene-actin measurements are reporting the same kinetic transitions, and (b) the fluorescent modification of ADP and actin are not significantly altering the observed rate constants. Thus we can model the ADP and ATP binding and dissociation reactions, and we can confidently report the effective rate constants (Table 1) .
Phosphate Release and the Weak to Strong Transition. We performed double-mix stopped-flow experiments to determine the rate that limits the transition between the weak-binding and strong-binding states of myosin V-1IQ. The weak to strong transition as reported by pyrene-actin fluorescence is believed to coincide with the force-generating power stroke. The rate of the weak to strong transition has never been measured directly for any myosin, but it is believed to be rate-limiting in the ATPase cycle (25) . The weak to strong transition can be measured directly by a single turnover experiment if either (a) myosin-V-1IQ does not dissociate from actin during the ATPase cycle, or (b) the rate of myosin V-1Q association (k -9 ; Scheme 1) is faster than the weak to strong transition.
Because high concentrations of ADP inhibit the myosin V-1IQ ATPase activity, we were able to perform the following singleturnover experiment (all concentrations are after mixing): (a) an equilibrated mixture of 7.5 M pyrene-actin and 2.3 M myosin V-1IQ was mixed with 100 M ATP; (b) the reaction was aged for 17 ms, allowing ATP to bind, hydrolyze, and populate the weak binding states (Ͼ95%), and (c) the reaction was quenched with 2 mM ADP to prevent free ATP from binding (upon ADP dissociation) and the enzyme from cycling. The observed transient fluorescence quench (Fig. 7, lower trace) is the transition from the high-fluorescence weak-binding states (Scheme 1) to the lowfluorescence strong-binding states (Scheme 1). The transient can be fitted to a single exponential with a rate of 32 s Ϫ1 . This rate is Ͼ2ϫ faster than the turnover rate of actin-activated myosin V-1IQ (15 s Ϫ1 ), indicating that ADP dissociation limits the acto-myosin V-1IQ ATPase rate. The final fluorescence amplitude indicates that all myosin heads are bound strongly to actin. Without a 2-mM ADP quench (Fig. 7, upper trace) , ATP can rebind, the time courses do not follow single exponentials, and the final fluorescence is higher. The final pyrene-actin fluorescence indicates that 70% of the myosin-1IQ is strongly bound to actin, demonstrating that the monomeric myosin V-1IQ has a high duty ratio (0.7) at low actin and ADP concentrations. This result was confirmed by steady-state pyrene-quenching measurements (not shown).
Kinetic simulations (see Materials and Methods) using the experimentally determined rate constants (Table 1 ) and the rate of 32 s Ϫ1 before the transition between the weak and strong-binding states show excellent agreement with the experimental data obtained in the presence and absence of 2 mM ADP (Fig. 7, solid lines) , thus confirming our experimentally determined rate constants (Table  1) , and showing that the rate-limiting step in the acto-myosin V-1IQ ATPase cycle occurs after the weak to strong transition.
To determine whether the rate of 32 s Ϫ1 is a direct measure of the weak to strong transition, rather than the rate of dissociated myosin V-1IQ rebinding actin, single turnover experiments must be performed at several actin concentrations. However, that is not practical because of the large quantity of protein required for the experiments. Phosphate release is thought to occur either concomitant with or immediately after the weak to strong transition (26) . Thus the direct measurement of P i release (k 4 Ј; Scheme 1) places a lower limit on the rate of the weak to strong transition. Therefore, we measured the rate of P i release from actomyosin V-1IQ at several actin concentrations (Fig. 8) . The P i release rate was shown (a) to depend on actin concentration and (b) to be Ͼ250 s
. We calculate the second-order rate constant for M.ADP.P i binding to actin to be k -9 ϭ 4.7 (Ϯ 0.4) M Ϫ1 ⅐s
, which suggests that the rate of 32 s Ϫ1 observed in Fig. 7 represents rebinding of the myosin V-1IQ-ADP.P i complex to actin. Furthermore, when myosin V-1IQ was mixed simultaneously with Ͼ30 M actin and 1 mM ATP, the observed rate of P i release was Ͼ250 s
(data not shown). Therefore, the rates of ATP hydrolysis and P i release are both Ͼ250 s
.
Discussion
The key features of the myosin V kinetic mechanism are: (a) rate-limiting ADP release when bound to actin, (b) a high ADP affinity, both on and off actin, (c) rapid ATP hydrolysis, both in the presence and absence of actin, and (d) extremely rapid P i release on actin. In combination, these kinetic adaptations generate a duty ratio (the fraction of the overall ATPase cycle that myosin V-1IQ is strongly bound to actin) of 0.7 at 25°C, which is greater than that of any previously characterized myosin.
ADP Release. The ADP dissociation rate from myosin V on actin (12-16 s Ϫ1 ) is virtually identical to the maximal actin-steady-state actin-activated ATPase rate (12-15 s Ϫ1 ), implying that ADP release is the rate-limiting step in the ATPase cycle. Indeed, all of the other rates within the cycle (Table 1) are faster than ADP release. The high ADP affinity (0.9 M) of myosin V, caused in part by a rapid Fig. 7 . Determination of the rate constant for transition from weakly bound to strongly bound states by sequential mixing. Measurements and simulations (smooth lines) were made as described in the text. Fluorescence under rigor conditions is set to zero (not shown for clarity). Final conditions at t ϭ 0 sec were 2.3 M myosin V-1IQ, 7.5 M pyrene-actin, 100 M MgATP, 2 mM MgADP (lower trace only), 25°C. ADP association rate, results in a significant inhibition of the ATPase rate at physiological ADP (12-50 M) concentrations (23) . This inhibition occurs at physiological ATP concentrations and may contribute to an increased duty ratio under cellular conditions. Thermodynamic Balance of the Actomyosin V-1IQ Interaction. Four equilibrium constants (K 5 , KЈ 5 , K 6 , and K 10 ) define the interaction of myosin V-1IQ with ADP and actin filaments (Scheme 5).
The product of the equilibrium constants in a cyclic path must equal one. Using our experimentally determined rate and equilibrium constants (Table 1) , we obtain a product of 0.0022. Such a large discrepancy may be caused by additional intermediates or side reactions at any point within the square. However, the most likely explanation for the discrepancy is that ADP release by actomyosin V is a two-step process involving an isomerization between two ADP states not resolved by our measurements:
This situation is believed to occur in smooth muscle myosin (20) and has been shown for brush-border myosin I (17), both of which show a light chain domain movement correlated with the transition from a state that binds ADP to the rigor state (27) . The speculated purpose of this isomerization is to create straindependent ADP release. As has been proposed for smooth muscle myosin, this strain dependence will slow or prevent ADP release until the power stroke is complete. For a two-headed myosin V molecule, it could serve two purposes. The first would be to prevent ADP release until the power stroke was complete, analogous to the situation in smooth muscle. A second possible role would be in coordinating the two heads (i.e., pulling on a head might accelerate ADP release).
The Duty Ratio. For a two-headed myosin V molecule to be processive, it must be shown that a single-headed molecule spends a significant fraction of its ATPase cycle strongly bound to actin (duty ratio Ͼ0.5), thus supporting the possibility of a two-headed molecule having a duty ratio of 1.0 (i.e., one head always remains attached to actin). Using our experimentally determined rate constants (Table 1) , we find that myosin V-1IQ satisfies this requirement for processivity. At high ATP concentrations (Ͼ0.1 mM) the duty ratio (i.e., the fraction of myosin V-1IQ heads strongly bound to actin) can be expressed as k 4app ͞(k 4app ϩ k ϩ5 Ј), where k 4app is the apparent rate of the weak to strong transition. Therefore, at 7.5 M actin (k 4app ϭ 32 s
Ϫ1
; Fig. 7) , we calculate the duty ratio to be 0.67, which is in excellent agreement with our direct measurement of the duty ratio (0.7) by quenching of pyrene-actin fluorescence by nucleotide-bound myosin V-1IQ (Fig. 7 , upper trace; see Results). Note that the rate of entry into the strong binding states is limited by the rate of myosin V-1IQ.ADP.P i binding to actin (Fig. 8) , thus the duty ratio of myosin V-1IQ is a function of the actin concentration. Therefore, under physiological conditions (twoheaded myosin molecule and high actin concentration), the duty ratio of myosin V is likely to be greater than 0.7.
Comparison to Other Myosins. The ADP release specializations discussed above are not unique to myosin V. Although the ADP release rate and ADP affinity, respectively, are much slower and tighter than for skeletal muscle myosin II (20) , they are only slightly different from those observed for smooth muscle myosin II (20) . The profound difference in myosin V compared with any other characterized myosin is that a slow (rate-limiting) ADP dissociation rate exists in a myosin with rapid rates of ATP hydrolysis and P i release rate (weak to strong transition). For myosin I and myosin II, as ADP release is made slower, the other rate constants in the cycle also are slowed, preserving a low duty ratio. For both skeletal and smooth muscle myosin II, the steady-state actin-activated ATPase rate in solution is limited by a combination of the hydrolysis rate and the P i release (weak to strong transition) rate. The ADP release rate is 1-2 orders of magnitude faster.
Conclusions. The kinetics of myosin V are a sharp contrast to those of smooth and skeletal myosin. Myosin V hydrolyzes ATP at Ͼ250 s
(and perhaps as high as 750 s
; see Table 1 ) when dissociated from actin, and releases P i on actin at Ͼ250 s
, while releasing ADP when bound to actin at only 12-16 s
. Thus the critical kinetic adaptation of myosin V is to accelerate the rates after ATP binding and preceding strong attachment to actin (which are faster than the corresponding rates of skeletal muscle myosin II), while slowing the rate that controls transition out of the strong state (the ADP release rate is slower than that of smooth muscle myosin II). This degree of disproportional tuning of rates has never been observed for another myosin and is a necessary adaptation for a processive myosin. Thus, because of unique kinetic adaptations, each head of the two-headed myosin V molecule possesses a duty ratio that is consistent with the native myosin V molecule being a processive motor.
